For construction of the bacterial flagellum, many of the flagellar proteins are exported into the central channel of the flagellar structure by the flagellar type III protein export apparatus. FlhA and FlhB, which are integral membrane proteins of the export apparatus, form a docking platform for the soluble components of the export apparatus, FliH, FliI, and FliJ. The C-terminal cytoplasmic domain of FlhA (FlhA C ) is required for protein export, but it is not clear how it works. Here, we analyzed a temperature-sensitive Salmonella enterica mutant, the flhA(G368C) mutant, which has a mutation in the sequence encoding FlhA C . The G368C mutation did not eliminate the interactions with FliH, FliI, FliJ, and the C-terminal cytoplasmic domain of FlhB, suggesting that the mutation blocks the export process after the FliH-FliI-FliJ-export substrate complex binds to the FlhA-FlhB platform. Limited proteolysis showed that FlhA C consists of at least three subdomains, a flexible linker, FlhA CN , and FlhA CC , and that FlhA CN becomes sensitive to proteolysis by the G368C mutation. Intragenic suppressor mutations were identified in these subdomains and restored flagellar protein export to a considerable degree. However, none of these suppressor mutations suppressed the protease sensitivity. We suggest that FlhA C not only forms part of the docking platform for the FliH-FliI-FliJ-export substrate complex but also is directly involved in the translocation of the export substrate into the central channel of the growing flagellar structure.
The bacterial flagellum, which is responsible for motility, is a supramolecular complex of about 30 different proteins, and it consists of at least three substructures: the basal body, the hook, and the filament. Flagellar assembly begins with the basal body, followed by the hook and finally the filament. Many of the flagellar component proteins are translocated into the central channel of the growing flagellar structure and then to the distal end of the structure for self-assembly by the flagellar type III protein export apparatus (11, 16, 22) . This export apparatus consists of six integral membrane proteins, FlhA, FlhB, FliO, FliP, FliQ, and FliR, and three soluble proteins, FliH, FliI, and FliJ (18, 21) . These protein components show significant sequence and functional similarities to those of the type III secretion systems of pathogenic bacteria, which directly inject virulence factors into their host cells (11, 16) .
FliI is an ATPase (4) and forms an FliH 2 -FliI complex with its regulator, FliH, in the cytoplasm (20) . FliI self-assembles into a homo-hexamer and hence exhibits full ATPase activity (1, 8, 17) . FliH and FliI, together with FliJ and the export substrate, bind to the export core complex, which is composed of the six integral membrane proteins, to recruit export substrates from the cytoplasm to the core complex (14) and facilitate the initial entry of export substrates into the export gate (23) . FliJ not only prevents premature aggregation of export substrates in the cytoplasm (13) but also plays an important role in the escort mechanism for cycling export chaperones during flagellar assembly (3) . The export core complex is believed to be located in the central pore of the basal body MS ring (11, 16, 22) . In fact, it has been found that FlhA, FliP, and FliR are associated with the MS ring (5, 9) . The FliR-FlhB fusion protein is partially functional, suggesting that FliR and FlhB interact with each other within the MS ring (29) . The export core complex utilizes a proton motive force across the cytoplasmic membrane as the energy source to drive the successive unfolding of export substrates and their translocation into the central channel of the growing flagellum (23, 27) . Here we refer to the export core complex as the "export gate," as we have previously (8, 16, 23, 24) .
FlhA is a 692-amino-acid protein consisting of two regions: a hydrophobic N-terminal transmembrane region with eight predicted ␣-helical transmembrane spans (FlhA TM ) and a hydrophilic C-terminal cytoplasmic region (FlhA C ) (12, 15) . FlhA TM is responsible for the association with the MS ring (9) . FlhA C interacts with FliH, FliI, FliJ, and the C-terminal cytoplasmic domain of FlhB (6, 12, 21, 24) and plays a role in the initial export process with these proteins (28) . It has been shown that the V404M mutation in FlhA C increases not only the probability of FliI binding to the export gate in the absence of FliH (14) but also the efficiency of substrate translocation through the export gate in the absence of FliH and FliI (23) . Recently, it has been shown that FlhA C is also required for substrate recognition (7). These observations suggest that an interaction between FlhA C and FliI is coupled with substrate entry, although it is not clear how.
In order to understand the mechanism of substrate entry into the export gate, we characterized a temperature-sensitive Salmonella enterica mutant, the flhA(G368C) mutant, whose mutation blocks the flagellar protein export process at 42°C (28) . We show here that this mutation severely inhibits translocation of flagellar proteins through the export gate after the FliH-FliI-FliJ complex binds to the FlhA-FlhB platform of the gate and that the impaired ability of the flhA(G368C) mutant to export flagellar proteins is restored almost to wild-type levels by intragenic second-site mutations that may alter the interactions between subdomains of FlhA C for possible rearrangement for the export function.
MATERIALS AND METHODS
Bacterial strains, plasmids, transductional crosses, DNA manipulations, and media. The bacterial strains and plasmids used in this study are listed in Table 1 . P22-mediated transduction was carried out with p22HTint as described previously (30) . An fliH null mutation (⌬fliH) was introduced into SJW2228 using the Red homologous recombination system (2) . DNA manipulations, site-directed mutagenesis, and DNA sequencing were carried out as described previously (28) . L broth (LB) and soft tryptone agar plates were prepared as described previously (18, 21) . Ampicillin and chloramphenicol were added to LB to final concentrations of 100 and 30 g/ml, respectively.
Motility assays on soft agar plates. Fresh colonies were inoculated onto soft tryptone agar plates and incubated at 30°C or 42°C.
Preparation of whole-cell and culture supernatant fractions and immunoblotting. Salmonella cells were grown at 30°C or 42°C with shaking until the optical density at 600 nm (OD 600 ) was ca. 1.2 to 1.4. Cellular and culture supernatant fractions were prepared as described previously (18) . Cell pellets were resuspended in SDS loading buffer normalized using the cell density to obtain the same number of cells. The proteins in the culture supernatants were precipitated with 10% trichloroacetic acid, suspended in a Tris-SDS loading buffer, and heated at 95°C for 5 min. After SDS-PAGE, immunoblotting with polyclonal anti-FlhA C and anti-FlgD antibodies was carried out as described previously (18) . Detection was performed with an enhanced chemoluminescence (ECL) immunoblot detection kit (GE Healthcare).
Purification of GST, GST-FlhB C , GST-FliH, GST-FliI, and GST-FliJ. Soluble fractions prepared from SJW1368(⌬cheW-⌬flhD) expressing glutathione S-transferase (GST), GST-FlhB C , GST-FliH, GST-FliI, and GST-FliJ were loaded onto a glutathione Sepharose 4B column (GE Healthcare). After washing with phosphate-buffered saline (PBS) (containing [ Pull-down assay. Soluble fractions prepared from cultures of SJW1103 (wild type) carrying pMM102 or pMM102(G368C) were incubated at 42°C and loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) agarose column (Qiagen) whose bed volume was 1 ml. After the column was washed with 20 ml of a binding buffer (20 mM Tris-HCl [pH 8.0], 500 mM NaCl) containing 10 mM imidazole and then with 5 ml of binding buffer containing 60 mM imidazole at 42°C, proteins were eluted with binding buffer containing imidazole at 42°C; during elution the imidazole concentration was increased stepwise to 100, 200, 300, and 600 mM. Eluted fractions were analyzed by both Coomassie brilliant blue (CBB) staining and immunoblotting with polyclonal anti-FliI, anti-FliH, and anti-FliJ antibodies.
Purified His-FlhA C and His-FlhA C (G368C) were incubated with purified GST, GST-FlhB C , GST-FliH, GST-FliI, or GST-FliJ at 42°C for 1 h and loaded onto a glutathione Sepharose 4B column (bed volume, 1 ml) preincubated at 42°C. After the column was washed with 20 ml PBS at 42°C, proteins were eluted with 50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione at 42°C. Eluted fractions were analyzed by both CBB staining and immunoblotting with polyclonal anti-FlhA C antibody.
Purification of His-FlhA C and mutant variants of this construct and limited proteolysis. His-FlhA C and mutant variants were purified by Ni-NTA affinity chromatography as described previously (21) and dialyzed overnight against 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT).
His-FlhA C and the mutant variants (0.5 mg/ml) were incubated with the Glu-C endoproteinase (Roche Diagnostics) at a protein-to-protease ratio of 300:1 (wt/ wt) in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1 mM DTT at 42°C. After incubation was started at 42°C, aliquots were collected at 0, 5, 15, 30, 60, 120, and 180 min, and trichloroacetic acid was added to a final concentration of 10%. The molecular masses of proteolytic cleavage products were determined by using a mass spectrometer (PerSeptive Biosystems) as described previously (28) .
RESULTS

Dominance properties of FlhA C (G368C).
The temperaturesensitive flhA(G368C) mutation substantially reduced motility (Fig. 1A , left panel) and flagellar protein export (Fig. 1A , right panel) at 42°C, in agreement with a previous report (28) . To investigate how this mutation affects the flagellar protein export process, we analyzed the effect of the G368C mutation on the interaction of FlhA C with the soluble components of the export apparatus. As FlhA C exerts a strong inhibitory effect on wild-type motility by titrating away other essential proteins involved in flagellar protein export (21, 28) , we first analyzed the motility of wild-type cells carrying a plasmid that overexpresses His-FlhA C (G368C) on soft tryptone agar plates containing 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 42°C (Fig. 1B) . The motility of wild-type cells overexpressing His-FlhA C (G368C) was much poorer than that of the vector control and even poorer (although slightly) than that of the wild type overexpressing His-FlhA C . Immunoblotting with polyclonal anti-FlhA C antibody revealed that the cellular level of HisFlhA C (G368C) was the wild-type level (data not shown). These results suggest that His-FlhA C (G368C) is able to interact with and sequester the soluble components of the export apparatus and/or export substrates.
To identify which components are sequestered by overproduction of His-FlhA C or His-FlhA C (G368C), we carried out pull-down assays by using Ni-NTA affinity chromatography at 42°C (Fig. 1C) . FliI copurified with both His-FlhA C and HisFlhA C (G368C). No FliI was seen in the elution fractions of the vector control or a fliI null mutant overexpressing His-FlhA C or His-FlhA C (G368C) (data not shown). In agreement with this, pull-down assays performed by using GST affinity chromatography showed that a slightly larger amount of HisFlhA C (G368C) copurified with GST-FliI (Fig. 2, second row) . These results indicate that the interaction between FliI and FlhA C is not eliminated by the G368C mutation. However, neither FliH nor FliJ copurified (data not shown). Since it has been shown that FlhA C binds to these proteins (6, 12, 21, 24) , it was possible that FliH and FliJ were dissociated by stringent washes during purification.
Bypass effects of FliI on motility of the flhA(G368C) ⌬fliH double mutant. Since the FliH null mutation is suppressed by overproduction of FliI or by mutations in FlhA and FlhB, FliH is thought to be involved in the effective docking of FliI with the export substrate with the FlhA-FlhB platform of the export gate (14) . Therefore, we investigated whether the G368C mutation allows FliI overproduction to bypass the FliH defect at 42°C. An flhA(G368C) ⌬fliH double mutant was transformed with a plasmid encoding His-FliI, and then the motility of the resulting transformants was analyzed at 30°C and 42°C (Fig.  3A) . Overproduction of FliI improved the motility of the dou- Interaction between FlhA C and FliH. It has been shown that the extreme N-terminal region of FliH is required not only for the interaction with the C-ring protein FliN but also for effective association with the export gate (24) . Therefore, we tested if the G368C mutation interferes with the association between FliH and the export gate. Since the presence of free FliH eliminates the export process when FliI is missing, probably due to the binding of FliH to the export gate that inhibits substrate entry into the gate (21, 23, 24), we examined the multicopy effect of FliH on the motility of the flhA(G368C) mutant on soft agar plates at 30°C and 42°C (Fig. 3B) . FliH overproduction strongly inhibited the motility of the flhA mutant, and this inhibition of motility was substantially relieved by co-overproduction of FliI (Fig. 3B) but not by co-overproduction of FliN alone or by co-overproduction of FliN plus FliM (data not shown). These results suggest that FliH can bind to the export gate even in the presence of the G368C mutation at 42°C.
Pull-down assays performed by using GST affinity chromatography have shown that there is an interaction between FlhA C and FliH (24) . Therefore, we also carried out pull-down assays using GST affinity chromatography at 42°C (Fig. 2) . We used GST as a negative control. His-FlhA C copurified with GST-FliH but not with GST (Fig. 2, third and first rows, respectively). A very small amount of His-FlhA C (G368C) was detected in the elution fractions derived from GST alone (Fig.  2, row 1) , presumably due to its nonspecific binding to the column. However, the amount of His-FlhA C (G368C) that coeluted with GST-FliH was 20-fold larger than the amount that coeluted with GST when the amounts were normalized using the amounts of GST and GST-FliH. These results indicate that the G368C mutation does not decrease the FlhA CFliH interaction at 42°C.
Interaction of FlhA C with FliJ and the C-terminal cytoplasmic domain of FlhB. FlhA C also interacts with FliJ and the C-terminal cytoplasmic domain of FlhB (FlhB C ) (6, 12, 21) . To investigate whether the G368C mutation interferes with these interactions, we carried out pull-down assays using GST affinity Purified His-FlhA C (FlhA C ) (left panels) or His-FlhA C (G368C) [FlhA C (G368C)] (right panels) was mixed with purified GST (first row), GST-FliI (second row), GST-FliH (third row), GST-FliJ (fourth row), or GST-FlhB C (fifth row) and incubated at 42°C for 1 h. Then the mixtures (lanes L) were loaded onto a GST column preincubated at 42°C. After washing with PBS at 42°C, proteins were eluted with 50 mM Tris-HCl (pH 8.0), 10 mM reduced glutathione. The eluted proteins were analyzed by both CBB staining (upper panels) and immunoblotting with polyclonal anti-FlhA C antibody (lower panels). Although GST-FlhB C is cleaved between Asp-269 and Pro-270, GST-FlhB CN and FlhB CC associate with each other even after cleavage (19) . The arrowheads indicate the positions of GST, GST-FliI, GST-FliH, GST-FliJ, GST-FlhB CN , FlhB CC , His-FlhA C , and HisFlhA C (G368C). The arrowhead labeled GST-FlhB CN * indicates a degraded product just under the main band. chromatography at 42°C (Fig. 2) . Interactions of FlhA C with GST-FliJ and GST-FlhB C were clearly detected even in the presence of the G368C mutation (Fig. 2 , fourth and fifth rows, respectively). Interestingly, the amount of His-FlhA C (G368C) that coeluted with GST-FliJ or GST-FlhB was much larger than the amount of His-FlhA C that coeluted (Fig. 2 , fourth and fifth rows, respectively), indicating that the mutation somehow increases the binding affinity of FlhA C for both FliJ and FlhB C .
Effect of the G368C mutation on substrate translocation through the export gate. We found that the G368C mutation in FlhA C does not interfere with the interactions with FliH, FliI, FliJ, and FlhB C even at 42°C ( Fig. 1 and 2 ), raising the possibility that this mutation directly blocks translocation of an export substrate through the export gate. Since the P28T mutation of FlhB greatly increases the export efficiency in the absence of FliH and FliI, probably by increasing the probability of entry of flagellar proteins into the export gate (23), we analyzed the levels of secretion of the hook capping protein FlgD by a ⌬fliH ⌬fliI flhB(P28T) flhA(G368C) mutant (Fig. 4 ). At 30°C, the level of FlgD secretion by this mutant was similar to the level of FlgD secretion by the ⌬fliH ⌬fliI flhB(P28T) mutant (Fig. 4, left panel) . In contrast, the G368C mutation reduced the levels of secretion considerably at 42°C (Fig. 4,  right panel) . These results suggest that this mutation significantly reduced the efficiency of protein translocation into the central channel of the growing flagellar structure.
Isolation of pseudorevertants from a culture of the flhA(G368C) mutant. To understand how the G368C mutation interferes with flagellar protein export at 42°C, pseudorevertants were isolated from an flhA(G368C) mutant overnight culture by streaking the culture on soft agar plates, incubating the plates at 42°C for 2 days, and looking for motility halos emerging from the streaks. A total of 16 motile colonies were purified from such halos. The motility of these pseudorevertants was considerably better than that of the parent strain at 42°C, although it was not as good as that of the wild-type strain (Fig. 5A ). In agreement with this, the levels of flagellar proteins secreted by these pseudorevertants were recovered to a significant degree (data not shown).
P22-mediated transduction experiments showed that all of the suppressor mutations were cotransduced with the parental G368C mutation, indicating that they were located near the first-site mutation (data not shown). Therefore, we sequenced the flhBAE operon of the pseudorevertants, and the mutations were all missense mutations in FlhA; these mutations included L359F (isolated nine times), G364R (isolated three times), R370S (isolated twice), and P550S (isolated twice) (Fig. 5B) . The L359F mutation is in the flexible linker region formed by residues 328 to 361, while the other three mutations are in the relatively stable FlhA C 38K fragment (28) .
Limited proteolysis by endoproteinase Glu-C. To test if the G368C mutation causes a conformational change in FlhA C at 42°C, we purified His-FlhA C (G368C), carried out limited proteolysis at 42°C with an endoproteinase, Glu-C, which cleaves the C-terminal side of Glu residues, and determined the molecular masses of the fragments by matrix-assisted laser desorption ionization-time of flight mass spectrometry. The time course of degradation, as monitored by SDS-PAGE, is shown in Fig. 5C . In agreement with a previous report (28) , most of wild-type FlhA C was degraded into a stable 38-kDa fragment (FlhA C 38K) (Fig. 5C, top left panel) , which consisted of residues 352 to 692 (Fig. 5B) . A very small amount of a 20-kDa fragment (FlhA C 20K) was also seen (Fig. 5C, top left panel) . In contrast, the FlhA C 38K fragment derived from the G368C mutant variant was very unstable and quickly degraded into the FlhA C 20K fragment through several intermediate fragments (Fig. 5C, top right panel) , indicating that the G368C mutation reduced the structural stability of FlhA C considerably. Based on the molecular mass (20,236 Da), FlhA C 20K was identified as a fragment consisting of amino acid residues 509 to 692 with a deduced molecular mass of 20,252 Da (Fig. 5B) .
To examine if the structural instability of the FlhA C 38K fragment caused by the G368C mutation is reversed by the second-site mutations, we purified four intragenic suppressor mutant variants of His-FlhA C and carried out limited proteolysis at 42°C. As shown by the data for the G368C/G364R and G368C/P550S mutants (Fig. 5C , bottom left and right panels, respectively), the FlhA C 38K fragments were still highly susceptible to the protease compared with the wild type and were as unstable as the His-FlhA C (G368C) fragment. These results indicate that the second-site mutations do not restore the structural stability of FlhA C 38K, suggesting that the loss-offunction phenotype of the flhA(G368C) mutant at a restrictive temperature (42°C) is not an unavoidable consequence of the structural instability caused by the G368C mutation. Motility of the second-site flhA mutants. To test the effect of each second-site mutation by itself on motility, we carried out site-directed mutagenesis and analyzed the motility of the secondsite flhA mutants on soft tryptone agar plates. The motility of all of the mutants was normal at both 30°C and 42°C (Fig. 5D) , as shown by the data for the flhA(G364R) and flhA(P550S) mutants, indicating that the second-site mutations alone displayed no phenotype. These results suggest that the mutated residues are not important for flagellar protein export.
DISCUSSION
The G368C mutation blocks substrate entry into the export gate. The flagellar type III protein export process requires the following three steps: delivery of export substrates to the export gate located in the central pore of the basal body MS ring, insertion of the natively disordered N-terminal segment into the presumably narrow pore of the export gate, and successive unfolding and translocation of the compactly folded domains of export substrates by the export gate (16) . The FliH 2 -FliI complex, possibly together with FliJ, delivers export substrates to the export gate, which is composed of six integral membrane proteins, including FlhA and FlhB (14) . The interaction between the FliH-FliI complex and the FlhA-FlhB platform allows the unfolded N-terminal segment of an export substrate to be efficiently inserted into the export gate (23) .
FlhA C is directly involved in the substrate delivery process along with FliH, FliI, FliJ, and FlhB C (6, 21, 24, 28) . It has also been shown that the V404M mutation in FlhA C increases the export efficiency in the absence of the FliH and FliI, suggesting that FlhA C is involved in the process of substrate insertion into the export gate (23) . However, it was not clear how FlhA C functions in this process. Here, we characterized the flhA(G368C) mutant; in this mutant the secretion activity of flagellar proteins was considerably reduced at a restrictive temperature (42°C) but not at a permissive temperature (30°C) (Fig. 1A) . FlhA C (G368C) was still able to interact with FliH, FliI, FliJ, and FlhB C ( Fig. 1 and  2) . Introduction of the flhA(G368C) mutation into the ⌬fliH ⌬fliI flhB(P28T) mutant strain, which can efficiently export flagellar proteins even in the absence of FliH and FliI (23) , resulted in a significant decrease in the level of secretion of flagellar proteins at 42°C but not at 30°C (Fig. 4) , indicating that the G368C mutation directly inhibits the translocation of export substrates into the central channel of the growing flagellar structure. This suggests that FlhA C not only forms part of the docking platform of the export gate for efficient substrate delivery but also is directly involved in the translocation process. Since the P28T mutation of FlhB allows efficient entry of flagellar proteins and translocation of these proteins into the export gate even in the absence of FliH and FliI (23), the G368C mutation seems to block the export process after docking of the FliH-FliI-FliJ-export substrate complex to the FlhA-FlhB platform of the export gate.
The G368C mutation causes partial disorder in the FlhA C structure. Limited proteolysis of wild-type FlhA C gave rise to a relatively stable FlhA C 38K fragment, which consists of amino acid residues 352 to 692 of FlhA (Fig. 5B and 5C ). FlhA C 38K consists of at least two subdomains, FlhA CN and FlhA CC , which consist of residues 352 to 508 and residues 509 to 692, respectively (Fig. 5B) . In contrast to wild-type FlhA C 38K, FlhA C 38K(G368C) was susceptible to the protease, and it was easily degraded into a more stable FlhA C 20K fragment identified as FlhA CC (Fig. 5C, top right panel) , indicating that the G368C mutation induces structural disorder or partial unfolding in FlhA CN . Thus, FlhA CN appears to be unstable due to the G368C mutation. This observation is consistent with the crystal structure of FlhA C that shows a relatively independent domain arrangement of FlhA CN and FlhA CC (28a) .
Gly-368 is buried in the FlhA CN domain in the crystal structure. However, since FlhA C (G368C) tends to form a dimer in the absence of a reducing reagent (data not shown), Cys-368 seems to be surface exposed a significant fraction of the time. This is consistent with the observation obtained by limited proteolysis that the G368 mutation destabilizes FlhA CN to expose cleavage sites in FlhA CN to solvent.
The second-site mutations do not affect the protease sensitivity of FlhA CN . Suppressor analysis of the G368C mutant identified one suppressor mutation in the flexible linker region, two suppressor mutations in FlhA CN , and one suppressor mutation in FlhA CC . The improved motility of the suppressor mutants on soft agar plates was due to restoration of flagellar protein export almost to wild-type levels (Fig. 5A) . The level of motility of the mutant with each second-site mutation was essentially the same as the wild-type level (Fig. 5D) . Thus, there is no phenotype that is associated with the suppressor mutations alone, implying that the residues of the second-site mutations are not directly involved in flagellar protein export. Limited proteolysis revealed that the suppressor mutant variants of FlhA C are partially disordered at 42°C, similar to FlhA C (G368C) (Fig. 5C ), indicating that the structural instability of FlhA CN caused by the first-site mutation is not reversed by the second-site mutations. Therefore, the structural instability does not appear to be directly responsible for the loss-of-function phenotype of the flhA(G368C) mutant, although this is rather unexpected for a temperature-sensitive mutation.
The L359F and P550S mutations, which are located in the flexible linker and FlhA CC , respectively, suppress the G368C mutation located in FlhA CN at 42°C (Fig. 5) , even though they are located in different domains and are relatively far from one another in the crystal structure of FlhA C (Saijo-Hamano et al., submitted). This suggests that the second-site mutations compensate for the first-site mutation by altering the interactions among the linker, FlhA CN , and FlhA CC . As discussed above, the G368C mutation inhibits the export process after docking of the FliH-FliI-FliJ-export substrate complex with the FlhA CFlhB C platform of the export gate. Therefore, we propose that the interactions of the FliH-FliI-FliJ-export substrate complex with the FlhA C domain may need to induce a relative conformational arrangement of the three subdomains of FlhA C to allow export substrates to be translocated into the central channel of the growing flagellar structure. Since this process occurs on the cytoplasmic side of the export gate, it is likely that the conformational rearrangement of FlhA C is responsible for substrate entry into the gate.
